This work presents studies on the co-combustion of sludge and wheat straw (30 wt % sludge + 70 wt % wheat straw). Prior to the combustion experiment, thermogravimetric analysis was performed to investigate the combustion characteristic of the blended fuel. Results indicated that the blended fuel could remedy the defect of each individual component and also promote the combustion. Co-combustion experiments were conducted in a lab-scale vertical tube furnace and the ash samples were analyzed by Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES), X-ray Diffraction (XRD), and Scanning Electron Microscope (SEM). Thermodynamic calculations were also made to study the interactions that occurred. Addition of sludge could raise the melting point of wheat straw ash and reduce the slagging tendency. Co-combustion also restrained the release of K and transferred it into aluminosilicate and phosphate. Transfer of Pb and Zn in the co-combustion was also studied. The release and leaching toxicity of the two heavy metals in the co-combustion were weakened effectively by wheat straw. PbCl 2 (g) and ZnCl 2 (g) could be captured by K 2 SiO 3 in wheat straw ash particles and generate silicates. Interactions that possibly occurred between K, Zn, and Pb components were discussed at the end of the paper.
Introduction
Biomass energy is attracting the world's attention due to its zero CO 2 emissions and considerable production worldwide. Of all the treatments, combustion has the advantages of a simple process, high heat utilization, and capacity reduction rate. However, its popularization was restrained by slagging, fouling, and ash deposit derived from the alkali contained [1] . Alkali metal, especially potassium, was necessary for plant growth and primarily existed in the form of ionic or soluble salts in straw biomass. Mass fraction of K in the raw dried straw accounted for 0.1~5 wt %; it was mobile and easily to transfer [2] . In the biomass combustion, potassium could: (1) release in the form of KCl(g); (2) react with Si and form low-melting silicates; and (3) combine with S and cause ash deposits [3] [4] [5] . Migration of K in biomass combustion requires monitoring and K-inducing problems need to be resolved.
On the other hand, sludge is a byproduct of sewage treatment, extremely complex, and composed of organic fragments, bacteria, colloids, microorganisms, organic, and inorganic matters. Unstable organic matters in the sludge decomposed and reeked odor, meanwhile the heavy metal contained could also leach out and pollute groundwater [6] . However, sludge was rich in P, which mainly comes from the suspended solids in the raw waste water and phosphorus-based flocculants added in the water treatment. The idea of co-combustion of biomass and sludge has been put forward in recent years and some researchers proved that the co-combustion did mitigate the problems related with
Results and Discussion

TG and DTG Analysis
The TGA tests of wheat straw, sludge, and their mixture were carried out and the TG and DTG curves of the three fuels are given in Figure 1 . For combustion of wheat straw, four distinct stages could be divided. In the initial preheating stage below 200 • C, the wheat straw experienced the loss of free/bound water. The second stage occurred around 310 • C, around which the pyrolysis took place, meanwhile the volatile matter separated out and burned rapidly. At about 500 • C the fixed carbon of the wheat straw began to combust. At about 680 • C the residue burned up and some minerals evaporated, causing a slight decrease of weight. After 700 • C the combustion was largely completed.
For combustion of sludge, three stages could be inferred from the DTG curve. At 100 • C the first peak was caused by the loss of water. The second peak at 300 • C and the third peak at 470 • C were the reaction of volatile matter and fixed carbon, respectively. The maximum weight loss rate was much smaller compared with wheat straw (WS). After 600 • C, the two curves both became flat.
In the condition of the blended fuels combustion, three stages would be concluded on the whole. In the dewater process, the two peaks at 100 • C and 200 • C were brought by the two individual components. In the second stage, the peak was also generated by the superposition of the two individual peaks and the value of the maximum weight loss rate was apparently higher than that of the linear superposition by the two individuals. Additionally, the value of the reaction temperature gained by the experiment was lower than the value calculated. In the third stage, the maximum weight loss rate of carbon residue was lower than the predicted value while the temperature was slightly higher. To conclude, co-combustion was not the simple superposition of the two individuals and interaction did take place, actually improving the combustion condition.
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Morphology of Bottom Ash
(a) (b) (c) Figure 2 . SEM images of ash samples: (a) WS ash produced at 800 °C; (b) WS ash produced at 1000 °C; (c) ash produced in co-combustion at 1000 °C at 50,000 magnification. Figure 2a illustrates SEM micrographs of WS ash at 800 °C. It could be seen that a slight slagging and sintering phenomenon occurred in the surface of WS ash produced at this temperature. Every Figure 2a illustrates SEM micrographs of WS ash at 800 • C. It could be seen that a slight slagging and sintering phenomenon occurred in the surface of WS ash produced at this temperature. Every single submicron particle adhered with each other. However, the morphology of the ash was irregular, and the pore structure was relatively distinct.
WS bottom ash produced at 1000 • C in Figure 2b was found to have the character of experiencing severe liquid-phase melting, the surface was rather smooth and the boundaries between the ash particles became obscure. In addition, the pore structure of the ash almost disappeared and was occupied by eutectic compounds with a low melting point. This could increase the mass transfer resistance and affect the transfer of gaseous species.
In the case of co-combustion at 1000 • C, from Figure 2c it could be inferred that the sludge ash particles appeared in the shape of a group of bricks, of which the size was much larger than WS ash particles. WS ash particles scattered over the surface of the sludge ash. Addition of sludge diluted the ratio of WS ash, thus increasing the gaps between the particles and reducing the tendency of slagging. However, the chemical reaction that occurred also played a role. 
(a) (b) (c) Figure 2 . SEM images of ash samples: (a) WS ash produced at 800 °C; (b) WS ash produced at 1000 °C; (c) ash produced in co-combustion at 1000 °C at 50,000 magnification. Figure 2a illustrates SEM micrographs of WS ash at 800 °C. It could be seen that a slight slagging and sintering phenomenon occurred in the surface of WS ash produced at this temperature. Every To quantify the slagging trend of the ashes, deformation temperature (DT), softening temperature (ST), hemispherical temperature (HT), and flowing temperature (FT) are listed in Table 1 . 
Ash Component Analysis
Ash samples were collected and an XRD experiment was conducted. The crystalline phase patterns are shown in Figure 3 . For WS ash produced at 600 • C, the crystalline phase detected was KCl, CaSiO 3 When the temperature was enhanced to 1000 • C, the crystallinity became poor due to the melting/sintering that occurred in the WS ash, which was caused by amorphous glassy silicates [12] . The only species detected in the WS ash was SiO 2 . Sludge ash at 1000 • C consisted of 3Al 2 2 . K mainly existed in the Al-Si structure and P in the sludge could also react with the K species. Similar results were also found in earlier research [13, 27] . The transfer pathway related to K is listed below.
It could be seen that in the co-combustion, K-inducing slagging and melting could mainly be solved by sludge through two mechanisms: (1) Al could react with K and form aluminosilicates in the range of 600~1000 • C; (2) P could react with K and form phosphates at 800 • C. In addition, the reaction degree of K in the WS and sludge was enhanced by the rising temperature. A 30% mass fraction of sludge could also reduce the release of K, Pb and Zn species were not detected due to its relatively low content (<5% in the crystalline phase), which was under the detection limit.
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Detailed reactions have been discussed in the former part. To conclude, sludge substituted the element Cl from KCl(g) and released it in the form of HCl(g) instead. The reduction rate of K release by sludge was 33.3%, 28.6%, 50.0%, 57.7%, and 53.4% at 600 °C, 700 °C, 800 °C, 900 °C, and 1000 °C, respectively.
Distribution of Pb and Zn were studied by comparing the co-combustion with sludge combustion. As shown in Figure 5 , in combustion of sludge alone, release of Pb was enhanced by the rising temperature in the range 600~800 °C. This was mainly caused by the evaporation of PbCl2(g), of which the melting point is as low as 501 °C. However, at 900 °C, a clear decrease was observed. This decrease was also substantial in the co-combustion process. This indicated that the released Pb species could be recaptured by other components in the ash while the effect of the evaporation of PbCl2(g) was relatively impaired. Detailed reactions have been discussed in the former part. To conclude, sludge substituted the element Cl from KCl(g) and released it in the form of HCl(g) instead. The reduction rate of K release by sludge was 33.3%, 28.6%, 50.0%, 57.7%, and 53.4% at 600 • C, 700 • C, 800 • C, 900 • C, and 1000 • C, respectively.
Distribution of Pb and Zn were studied by comparing the co-combustion with sludge combustion. As shown in Figure 5 , in combustion of sludge alone, release of Pb was enhanced by the rising temperature in the range 600~800 • C. This was mainly caused by the evaporation of PbCl 2 (g), of which the melting point is as low as 501 • C. However, at 900 • C, a clear decrease was observed. This decrease was also substantial in the co-combustion process. This indicated that the released Pb species could be recaptured by other components in the ash while the effect of the evaporation of PbCl 2 (g) was relatively impaired. With the presence of wheat straw, the release of Pb was reduced in the co-combustion. As the temperature was rising, the effect of biomass was also augmented. Wang believed that the molten WS ash could also capture released Pb aerosol particles via a physical adhesive force [28] . Meanwhile, share of the soluble Pb component decreased with the temperature; the soluble Pb species was not With the presence of wheat straw, the release of Pb was reduced in the co-combustion. As the temperature was rising, the effect of biomass was also augmented. Wang believed that the molten WS ash could also capture released Pb aerosol particles via a physical adhesive force [28] . Meanwhile, share of the soluble Pb component decreased with the temperature; the soluble Pb species was not detected at 900 • C and 1000 • C for sludge combustion and co-combustion, respectively.
For Zn distribution in the sludge combustion, from Figure 6 it was obvious that release of Zn and transfer from the soluble part to the insoluble part were also enhanced by the rising temperature. At 600 • C, the release ratio of Zn was only 25.7% and its maximum value reached 37.1% at 900 • C. The release rate was obviously lower than Pb. The soluble part of Zn in the solid phase reduced from 14.7% to 0% meanwhile. Similar to Pb, co-combustion restrained the release of Zn compared with sludge combustion and the value was in the range of 30.5% to 44.3% and the reducing effect of co-combustion was the most notable at 800 • C. With the temperature rising, the dissimilarity tended to be insubstantial. With the presence of wheat straw, the release of Pb was reduced in the co-combustion. As the temperature was rising, the effect of biomass was also augmented. Wang believed that the molten WS ash could also capture released Pb aerosol particles via a physical adhesive force [28] . Meanwhile, share of the soluble Pb component decreased with the temperature; the soluble Pb species was not detected at 900 °C and 1000 °C for sludge combustion and co-combustion, respectively. For Zn distribution in the sludge combustion, from Figure 6 it was obvious that release of Zn and transfer from the soluble part to the insoluble part were also enhanced by the rising temperature. At 600 °C, the release ratio of Zn was only 25.7% and its maximum value reached 37.1% at 900 °C. The release rate was obviously lower than Pb. The soluble part of Zn in the solid phase reduced from 14.7% to 0% meanwhile. Similar to Pb, co-combustion restrained the release of Zn compared with sludge combustion and the value was in the range of 30.5% to 44.3% and the reducing effect of cocombustion was the most notable at 800 °C. With the temperature rising, the dissimilarity tended to be insubstantial.
It should be pointed out that co-combustion reduced the soluble part of Zn in the ash and the ratio was below the detection limit since 800 °C. To conclude, the effect of co-combustion on Zn was It should be pointed out that co-combustion reduced the soluble part of Zn in the ash and the ratio was below the detection limit since 800 • C. To conclude, the effect of co-combustion on Zn was inferior to Pb due to their different binding capacity to Cl in this temperature range. In addition, high temperature facilitated the combination of potassium silicate and Al in the sludge, thus transferring the silicate into potassium aluminosilicate, increasing the melting point of the bottom ash.
Thermodynamic Calculations on Pb and Zn in the Combustion
Since the relative low content of Pb and Zn in the fuel and their transfer behaviors could not be observed via conventional characterization methods, thermomechanical analysis was applied by the chemical equilibrium calculating tool to further interpret the experiment results. The range of temperature was varied from 550 to 1050 • C and the air-to-fuel ratio was set as 1.2:1 in the calculations. Sludge combustion alone and the co-combustion were calculated respectively. Figures 7 and 8 indicate the effect of temperature on the transformation of Pb in the sludge combustion and co-combustion, respectively. It could be seen in sludge combustion, Pb mainly existed in the form of PbSiO 3 and Pb 3 (PO 4 ) 2 at low temperatures, meaning that P and Si in the raw sludge could bind with Pb and restrain its release. As the temperature rose, the phosphate and silicate transferred to PbO(g), Pb(g), PbCl 2 (g), and PbCl(g). Release of the chlorides was enhanced by the rising temperature from 550 to 950 • C. After 1000 • C, PbO(g) became the dominant Pb-containing species and almost all Pb existed in the gas phase by thermodynamic calculation.
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To conclude, the release ratio of Pb in sludge combustion was promoted by the rising temperature, especially after 900 • C due to the decomposition of phosphate and silicate.
However, in the co-combustion, Pb mainly existed in the silicates initially while the content of phosphate was smaller due to the reaction between P and K in the WS via the reaction in Equation (8) . This has been discussed in the previous section. Release of chloride was enhanced by temperature in the range 550~920 • C.
Pb 3 (PO 4 ) 2 + 3K 2 SiO 3 → 3PbSiO 3 + 2K 3 PO 4 (8) Comparing the two cases, it could be inferred that the binding capacity of Cl to Pb was impaired obviously in the co-combustion by calculation. Decrease of Pb release may occur via Equation (9) .
As shown in Figure 9 , in the combustion of sludge alone, Zn mainly existed in the form of ZnFe 2 O 4 and Zn 3 (PO 4 ) 2 initially. However, the two metal composite oxides decomposed and released free ZnO into the solid phase gradually when the temperature went up. Meanwhile, the release of ZnCl 2 (g) increased slowly as the temperature went up in the range 550~870 • C. By calculation, the Catalysts 2019, 9, 182 9 of 14 maximum release rate reached 23% at 870 • C and then decreased slowly. Similar results were also gained in previous reports [29] .
obviously in the co-combustion by calculation. Decrease of Pb release may occur via Equation (9) .
PbCl g K SiO PbSiO 2KCl g + → +
As shown in Figure 9 , in the combustion of sludge alone, Zn mainly existed in the form of ZnFe2O4 and Zn3(PO4)2 initially. However, the two metal composite oxides decomposed and released free ZnO into the solid phase gradually when the temperature went up. Meanwhile, the release of ZnCl2(g) increased slowly as the temperature went up in the range 550~870 °C. By calculation, the maximum release rate reached 23% at 870 °C and then decreased slowly. Similar results were also gained in previous reports [29] . In Figure 10 , sorts of Zn species are essentially the same, but the relative amounts varied in the co-combustion. Initially the relative content of Zn3(PO4)2 was smaller compared with sludge combustion alone, which could be owing to the combination of P and K too. In Figure 10 , sorts of Zn species are essentially the same, but the relative amounts varied in the co-combustion. Initially the relative content of Zn 3 (PO 4 ) 2 was smaller compared with sludge combustion alone, which could be owing to the combination of P and K too. In the range 600~1000 °C, the release rate of Zn was much smaller than sludge combustion due to the decrease in the portion of ZnCl2(g) by calculation and the relative content only accounted for 4%. Although the value varied widely from the actual release ratio gained by the experiment, it could reveal the decrease of combining capacity of Zn and Cl in the co-combustion. Reactions concerning K and Zn are listed below. 
ZnCl g K SiO ZnSiO KCl g + → +
In the WS combustion, Cl primarily occurred in the form of KCl in the solid phase, and in the co-combustion, some share of KCl transferred into HCl(g). Release of the two heavy metals are also affected by Cl, thus there existed a competitive mechanism between K, Pb, and Zn to Cl in the blended fuels. According to the data obtained, possible transfer pathways inferred are shown in Figure 11 . The red lines in the figure represent the interactions which took place possibly in the co-combustion. In the range 600~1000 • C, the release rate of Zn was much smaller than sludge combustion due to the decrease in the portion of ZnCl 2 (g) by calculation and the relative content only accounted for 4%. Although the value varied widely from the actual release ratio gained by the experiment, it could reveal the decrease of combining capacity of Zn and Cl in the co-combustion. Reactions concerning K and Zn are listed below.
In the WS combustion, Cl primarily occurred in the form of KCl in the solid phase, and in the co-combustion, some share of KCl transferred into HCl(g). Release of the two heavy metals are also affected by Cl, thus there existed a competitive mechanism between K, Pb, and Zn to Cl in the blended fuels. According to the data obtained, possible transfer pathways inferred are shown in Figure 11 . The red lines in the figure represent the interactions which took place possibly in the co-combustion.
4%. Although the value varied widely from the actual release ratio gained by the experiment, it could reveal the decrease of combining capacity of Zn and Cl in the co-combustion. Reactions concerning K and Zn are listed below.
In the WS combustion, Cl primarily occurred in the form of KCl in the solid phase, and in the co-combustion, some share of KCl transferred into HCl(g). Release of the two heavy metals are also affected by Cl, thus there existed a competitive mechanism between K, Pb, and Zn to Cl in the blended fuels. According to the data obtained, possible transfer pathways inferred are shown in Figure 11 . The red lines in the figure represent the interactions which took place possibly in the co-combustion. In the combustion of WS, K mainly existed in chlorides at low temperatures, and with the temperature rising, a portion of KCl evaporated into the gas phase, and the remaining part in the solid phase was inclined to transform into sulfates and silicates, causing the melting phenomena. In the presence of sludge, the incoming Cl was also likely to combine with K, which in the process of release could be recaptured by the Al-Si structure in the sludge ash particles. Wang once reported In the combustion of WS, K mainly existed in chlorides at low temperatures, and with the temperature rising, a portion of KCl evaporated into the gas phase, and the remaining part in the solid phase was inclined to transform into sulfates and silicates, causing the melting phenomena. In the presence of sludge, the incoming Cl was also likely to combine with K, which in the process of release could be recaptured by the Al-Si structure in the sludge ash particles. Wang once reported that the effect of Cl on Pb distribution depended on the content of alkali metals. In the combustion of sludge alone, content of Cl was larger than the sum of K and Na, which indicated that the excess Cl could bond with Pb and Zn at high temperatures [30] . While in the co-combustion, the excess Cl in the sludge, which should have facilitated the release of heavy metals, was inclined to combine with K preferentially. However, the released K then reacted with the Al-Si component in the process of transferring from the inside to the outside of sludge particles. Simultaneously, Zn and Pb were retained in the solid phase, transformed from chlorides to insoluble species. As for Pb, its oxides could combine with Si, however the silicate could decompose at higher temperatures. Likewise, ZnO could also combine with Fe and Al in the combustion. Specially, for Pb, its oxides could also evaporate in the combustion, thus the combination of PbO and SiO 2 determined the release of PbO. The overall reaction at high temperatures could be concluded in Equation (12) .
Materials and Methods
Materials
In this study, sludge samples were collected from a local municipal wastewater treatment plant in Nanjing city, Jiangsu province. The wheat straw was collected from Suzhou city, Jiangsu province. The sewage sludge and wheat straw were dried at 105 • C for 24 h and then crushed into particles with the size between 0.10 and 0.15 mm. The dried fuel particles were stored in sample bags for use. Properties of sludge and wheat straw are shown in Table 2 . 
Experimental Apparatus and Procedure
The thermogravimetric experiment of the fuels was carried out in TGA (SETSYS-1750 CS Evol, SETARAM, Caluire-et-Cuire, France). The fuel samples were heated from room temperature to 1000 • C with the heating rate of 20 • C/min in air atmosphere. The injected sample mass was approximately 6 mg every time.
A horizontal tube furnace was used to investigate the partitioning of potassium and heavy metals and the ash contents in solid residues of wheat straw and sludge during combustion. The quartz tube had an inner diameter of 45 mm and a length of 1000 mm. The combustion air was supplied by an air compressor and the flow rate was set as 0.03 Nm 3 /h for 45 min. When the temperature reached the value set in advance, about 2 g of wheat straw (WS), sludge powder samples, or their mixture were weighted and mixed evenly in a porcelain combustion boat and pushed into the quartz tube set horizontally in the heating furnace rapidly.
When the combustion was accomplished, bottom ash in the porcelain boat was cooled, collected, and then weighted. Afterwards, the concentration of the digestion solution was analyzed by ICP-OES (Optima8000, Perkin-Elmer, Waltham, USA). The volatilization rate was calculated according to Equations (13)- (16) .
R s = C as × A C fuel × 100%
R ins = R − R s (16) where C fuel is the initial element concentration in the fuel sample, Ca is the total element concentration in the bottom ash, A is the ash yield, and C as is the soluble element concentration in the bottom ash. R means the total element retention rate in the bottom ash; R s and R ins is the water-soluble and insoluble element share in the ash, accordingly. The crystalline phase of the bottom ash of fuel was determined by X-ray diffraction (SmartLab 3, Rigaku, Tokyo, Japan) over the range 5~90 • and the data generated was analyzed by MDI Jade 6.5 (Materials Data Incorporated, Freemont, CA, USA). To analyze the microstructure of bottom ash samples, a scanning electron microscope (SU8010, HITACHI, Tokyo, Japan) was also applied. In addition, the melting point of the ash was analyzed by an ash fusibility tester (SDAF2000D, Sande, Changsha, China) according to GB/219-74.
Thermodynamic Equilibrium Calculations
To gain information on the transfer of heavy metals in the combustion, thermodynamic equilibrium calculations were also carried out with HSC-chemistry 6.0 software (Outokumpu, Pori, Finland), based on the method of Gibbs free energy minimization. In this paper, the elements C, H, O, N, S, Cl, Si, Al, P, K, Na, Ca, Mg, Fe, Pb, and Zn in the fuels were taken into consideration. The temperature range was between 550 and 1050 • C and the calculated point was set every 25 • C. Air-fuel ratio in the research was set as 1.2:1 and the pressure was 1 bar.
Conclusions
Co-combustion experiments at a proportion of 70% WS and 30% sludge were conducted in a TG instrument and a horizontal tube furnace, respectively, to study the combustion characteristics. Results indicated that co-combustion could lower the ignition temperature and increase the combustion quality of sludge. For the blended fuel, the first combustion stage was controlled by wheat straw while the second was mainly affected by sludge.
Sludge could restrain the release of K in the WS combustion effectively and also solve the melting and slagging. Mechanisms could be concluded in two aspects. First, sludge ash separated the WS ash away and reduced the adhesive force between the ash particles. Second, Al and P in the sludge could react with K species and generate high-melting point components. As the temperature rose, the reaction was enhanced.
Transfer of Pb and Zn in the co-combustion was also studied. Similar to K, their release was also restrained in the co-combustion compared with sludge combustion alone. This could be owing to the competition mechanism of Pb/Zn and K on Cl in the blended fuel. K species could substitute Cl from PbCl 2 /ZnCl 2 and remained the latter in the solid phase. Due to the relative low content of heavy metals in the fuel, the transformation and migration of the trace elements were easily affected by other elements.
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